
correction process, 43 they concluded that little would be gained by including surface roughness

effects in routine CZCS processing, but demonstrated that such information may be required for

more sensitive instruments.

Correction of Future Sensors

The next generation ocem color sensors, such as SeaWiFS4gand MODIS50151 will have a radio-

metric sensitivity that is superior to CZCS. Several effects thus far ignored in the CZCS processing

algorithms, but which must be included in order that the improved radiometric sensitivities can be

fully utilized are listed below.

● The interaction between Rayleigh and aerosol scattering.

● The curvature of the earth.

● The large c extrapolation required.

● The presence of whitecaps on the sea surface.

● The residual polarization sensitivity y of the sensor.

These will now be discussed individually.

Interact ion Bet ween Rayleigh and Aerosol Scattering

The basic equation of the CZCS atmospheric correction algorith is Eq. (25), which was

derived from the single scattering approtiation. Although L, is computed using the multiple

scattering method (including polarization) described earlier, an error still remains. Basically, even

if L, and L. both include all orders of mdtiple scattering, i.e., L, is computed using a multiple

scattering code with r~ = O and La computed with 7, = O, Eq. (25) still does not allow for the

possibility that photons can scatter from kth aerosols and air molecules. This is called the Rayleigh-

aerosol interaction, and was fist described quantitatively by Deschampes et al.38 To increase the

accu.rac y of the CZCS algorithm to deal with the more sensitive instruments, it is necessary to

modify Eq. (25) to explicitly include the interaction, i.e.,

(36)

and to provide a way of computing the interaction, L~~.
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39 Wang52and Wang and GordonUsing the ideas of Gordon and Casttio, 53 have developed a

technique for including the Rayleigh-aerosol interaction into the formalism without directly cal-

cdating L,a. Briefly, they found through a large number of radiative transfer simulations that a

linear relationship exists between L. + L,. and the single-scattered aerosol radiance, i.e.,

where LO, is given by Eq. (22) with z = a. These simulations included several aerosol

(37)

models

(phase functions), several wind speeds (O to 16.9 m/s), and aerosol optical thicknesses over the

range ~. = O to 0.6. The results showed that, in geometries similar to those employed in ocean

color sensing, the values of the “intercept” 1 and the “slope” S depend strongly on the geometry but

very weakly on the aerosol model and the wind speed. Thus, 1 and S determined from these model

computations should be applicable for use in atmospheric correction. The plan is to use Eq. (37)

to estimate La, in spectral regions in which LW z O, e.g., 750 and 865 m for SeaWiFS and most

other proposed ocean color sensors, and then to use La. in place of Lo in Eqs. (27) through (31).

This procedure would provide L ~, in the blue and green regions of the spectrum from Lc, in the

red and NIR. Equation (37) wotid then yield L.(A) + L,=(A) at the short wavelengths, from which

:=...-..-..-..-1
“:-

Ia2arn40.5n bamm
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Figure 19. Simulated error in the new atmos-
pheric correction algorithm at the CZCS scan
●dge m a function of @O. The wind speed hu
been -sumed to be unknown and W = O used in
the computation of L,.

Eq. (36) can be solved for Lw in the absence of Lg
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Figure 20. Simulated error in the new atm~
spheric correction algorithm at the CZCS scan
edge M a function of 130. The wind speed h=
been ~sumed to be known and the correct value
is used in the computation of L,, 1, and S.

Since I and S depend weakly on the surface

roughness, knowledge of the wind speed improves the accu.rac y of the algorit hrn.

This scheme has

clear water, i.e., it is

been tested for an ocean color instrument, with the CZCS band set, observing

assumed that LW(A) is given for A2, A3, and ~4 and that we want to retrieve
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LW(Al ). An example of the resulting error for a relatively turbid atmosphere is provided in Figure

19 in which ApW = rALW/Fo cos 80 is the error in the retrieved water-leaving reflectance. The

aerosol is assumed to be nonabsorbing, to have a scattering coefficient that is independent of A,

and to have a scattering phase function that is approximately the average of HMF7 and HMF9.

The wind speed W has been assumed to be unknown, so W = O has been used in the computation

of L,. For reference, 1 DC at Gain 1 (see Appendix) for CZCS would correspond to a reflectance

of 0.00076 at 60 = O and 0.00153 at 00 = 60°. Thus, in this example, the error in LW(A1 ) would

usufly be less than 1 CZCS DC even though the surface roughness is ignored. Figure 20 shows

the improvement that results when the correct wind speed is used in the algorithm. Wang and

Gordon’s53 analysis suggests that this procedue can provide an atmospheric correction that is

nearly an order of magnitude more accurate than the standard CZCS algoritti.

The Large c Extrapolation

Following the scheme proposed above for the new ocean color sensors, the quantities determined

from the NIR bands are c(750, 865) and 6(865, 865) in Eq. (28). These must be extrapolated into

the visible to obtain c(A, 865), where A can be as sma.U as 410 nm. Thus, it will be necessary to

understand the manner in which c values determined in the NIR relate to those in the visible. This

question is being studied now, within the limits imposedby the nonspherical nature of the aerosol,

using Mie theory models of aerosol scattering.

The Effect of Earth Curntu.re

All atmospheric corrections algorithms developed thus far ignore the curvature of the earth,

i.e., the plane parallel atmosphere (PPA) approximation has always been used in the radiative

transfer simulations for ocea remote sensing. However, at the level of accuracy required to use

the full sensitivity of new instruments, it may be necessary to take the curvature of the earth

into account ,31 particularly at large sun mgles. For example, Fi~e 21 shows the error in L,

caused by the assumption of a plane parallel atmosphere at the scan center and the scan edge

of a sensor like SeaWiFS (Gordon and Ding, unpublished). For 80 ~ 60° the error is < 1Yo and

can be ignored for CZCS and possibly SeaWiFS; however, for larger 00, e.g., high latitudes, the

error becomes excessive. Computations by Adams and Kattawar,54 suggest that neruly all of the

difference between the PPA approximation and the true spherical shell atmosphere (SSA) is in the

first scattering, i.e., the fraction of the radiance due to multiple scattering is approximately the
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same for the P PA and

5
t,.,

SSA. An effort is now under way at the University of Miami to use ttis to
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Figure 21. Error in L, computed under the plane p~r~lel
=sumption for the atmosphere.

provide a fist order correction for the effects of earth curvature.

Whitecaps

Gordon and Jacobs55 have presented computations suggesting that sea foam (whitecaps) could

significant Iy increase the flux leaving the top of the atmosphere over the oceans. This added

radiance, must be considered in the radiance budget at the sensor. The effect of whitecaps can

be estimated56 by combining Koepke’ss7 determinations of the surface reflectance increase due to

whitecaps as a function of the wind speed, with extrapolations into the blue green region of the

spectrum of laboratory measurements of the foam reflectance spectrum in the red and NIR made by

Whitlock et a2.s8 The result is provided in Figure 22. The figure gives the contribution of whitecaps

to the radiance at the top of the atmosphere for the four CZCS bands. The radiance is in CZCS Gain

1 digitd counts (See Appendix). It is seen that even wind speeds below mean values, which only

rarely reach 7-8 m/s,sg*l whitecaps increase the radimce in the CZCS red band by a measurable

amount. This increase is ignored in CZCS processing. With higher radiometric sensitivity and with

spectral bands in the NIR, whitecaps will tiuence Lt for new sensors at even lower wind speeds.

The increased radiance will be interpreted as aerosol by the atmospheric correction algorithm

yielding incorrect water-leaving radiances.

to the presence of the NIR ‘atmospheric

If ignored, the expected improvement over CZCS due

correction” bands will be degraded. It is possible to
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develop a whitecap removal algorithm based on our present knowledge, i.e., given the wind speed,

the whitecap reflectance codd be estimated in a manner similar to that used to prepare Figure

22 and removed from Lt before atmospheric correction. However, the present analysis ignores the

sea surface temperature, which Bortkovski~62 reports can significantly ifiuence the foam coverage

of the sea surface. Thus, it is believed that for an accurate assessment and removal of whitecap

L , I r I I I , I T 1/ J
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Figure 22. Incre=e in L~ in CZCS digitd counts resulting
from whitecaps on the sea surface. Curves from bottom to
top correspond to CZCS Bands I-4, respectively.

effects, more experiment al measurements are needed. The issues that must be addressed to deal

with whitecaps are as follows: fist, the relationship between whitecap coverage, wind speed, and

sea suface temperature is not weU understood and needs to be; next, the spectral reflectance of

individual whitecaps has never been measured in the field (nor in the laboratory in the blue and

green regions of the spectrum) and shotid be; and fially, the increase in surface reflectance due

to whitecaps has not been measured directly, it has been deduced horn the individual whitecap

reflect mce and the fraction of the surface covered, e.g., Figure 22. For the purposes of remet e

sensing, field measurements of the actual increase in the average reflectance, over areas with sizes

of the order of a km, w a function of variables that can be measured from space or deduced from

numerical models, e.g., wind speed and sea surface temperature, wodd provide the most direct way

of developing the necess=y removal algorithm.

Residual Instrument Polarization Sensitivity
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The typical specification — that the polarization sensitivity of ocean color sensors should be

less than 2% — is based on the reqfiement that the unknown polarization of L~ induced by the

63 This implies the processing will still be requiredaerosols can be corrected using aerosol models.

to remove the the residual polarization effects. We have developed a formalism63which provides
.,

the framework for such processing.

Summary

In this paper I have tried to provide a more or less self-contained discussion on the optical prop-

erties of the atmosphere and radiative transfer theory to provide the reader with an understanding

of atmospheric correction of satellite ocean color remote sensing data. The absorption properties

of the optically important gases (H2 O, 02, and Os ) in the atmosphere have been presented in the

form of spectral transmittance curves. The scattering properties of the aerosol have been described

wit h examples taken from Mie scattering theory applied to aerosol models. The development of

the CZCS algorithm has been described in detail starting from the single scattering solution of

the radiative transfer theory. A critical evaluation of the model is then carried out and efforts to

circumvent the difficulties specific to the CZCS band set are presented. Processes ignored in the

original algoritb but included in later versions, e.g., multiple scattering, polarization, and varia-

tions in the 03 concentration and the surface atmospheric pressure, are briefly examined. Finally,

the question of atmospheric correction of future, more sensitive, ocean color sensors, such as Sea-

WiFS, is considered. An improved correction algorithm is proposed and the remaining problems,

along with suggested approaches for solving them, me described.

Appendh: CZCS Radiometry

The CZCS data was digitized to 8-bits on board the satellite and relayed to the ground in

digit al form. The sensor sensitivity y wa6 adjustable to four levels (Gains ). The approximate radiance

increment corresponding to a ch~ge in the output of one digital count (DC) is presented in Table
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Al .64’65 Under ided operation the sensitivity would vary along the orbit to account for the decrease

Table Al: Radiance (DC) in mW/cmz pm Ster corresponding
to one digital count for the four CZCS sensitivities.

I Band A DC

(rim) Gain 1 Gain 2 Gain 3 \ Gain 4

1 433-453 0.045 0.036 0.030 0.021

I 2 \ 510-530 \ 0.031 \ 0.025 I 0.020 \ 0.015 I

I 3 540-560 0.025 0.020 0.016 0.012 i

4 660-680 0.011 0.0090 \ 0.0074 0.0053 I

of incident solar irradiance with latitude away from the solar equator. In practice, most data were

acquired at Gains 1 and 2. At typical signal levels the signal-to-noise ratio is above 150 for all bands

with the exception of Band 4, for which the measured value was 118.2 The data provided in the

table was applicable at launch (October 1978). The sensitivity of the CZCS degraded in orbit from

the values presented above. This degradation has been described by Gordon et al. ,66 Mueller,GT

Hovis et al.,es 69 It -outs to as mu~ as a 40% drop in sensitivity d~ingand Gordon and Evans.

the eight years of operation. The author believes that this variation in sensitivity with time on

both short and long time scales accounts for much of the @fficulties and inconsistencies encountered

with CZCS data. For SeaWiFS, the long-term and short-term variability of the sensitivity will be

accurately monitored by viewing the moon and an internal reflectance standard, respectively.

The CZCS was designed to be insensitive to the polarization state of the incident radiance, i.e.,

if the incident radiance was 100% linearly polarized and the direction of polarization was rotated

through 180°, the output was supposed to vary less than about 2%.

35



References

[1] G. L. Clarke, G. C. Ewing and C. J. Lorenzen, “Spectra of Backscattered Light from the

Sea Obtained From Aircraft as a Measurement of Chlorophyll Concentration,” Science 167,

1119-1121 (1970).

~2~ W. A. Hovis, D. K. Clark, F. Anderson, R. W. Austin, W. H. Wilson, E. T. Baker, D. Ball.,

H. R. Gordon, J. L. Mueller, S. Y. E. Sayed, B. Strum, R. C. Wrigley and C. S. Yentsch,

“Nimbus 7 coastal zone color scanner: system description and initial imagery,” Science 210.

60-63 (1980).

[3] H. R. Gordon, D. K. Clark, J. L. Mueller and W. A. Hovis, “Phytoplankton pigments derived

from the Nimbus-7 CZCS: initial comparisons with surface measurement s,” Science 210,

63-66 (1980).

[4] T. Platt and S. Sathyendranath, “Oceanic Primary Production: Estimation by Remote Sens-

ing at Local and Regional Scales,” Science 241, 1613-1620 (1988).

[s] A, Morel and J. -M. Andr6, “Pigment Distribution and Primary Production in the Western

Me&terranean as Derived and Modeled From Coastal Zone Color Scanner. Observations, ”

Jour. Geophys. Res. 96C, 12,685-12,698 (1991).

[6] R. W. Preisendorfer, “Application of Radiative Transfer Theory to Light Measurements in

the Sea,” Union G40d4sique et G40physique I.nternationale 10, 11-30 ( 1961 ).

[7] R. W. Preisendorfer, ‘Hydrologic Optics V. 1: htroduction,” 1976, (NTIS PB-259 793/8ST).

Natl. Tech. Morrn. Serv., Springfield.

[s] F. X. Kneizys, E. P. Shettle, L, W. Abreu, J. H. Chetwynd, G. P. Anderson, W. O. Gallery,

J. E. A. Selby and S. A. Clough, Users Guide to LOWTRAN 7 (Air Force Geophysics Labo-

ratory, AFGL-TR-88-0177, 1988).

36



[9] NASA, U.S. Standati Atmosphere Supplements (1976 ), U.S. Government Printing Office,

Washington, D. C..

;10; J. E. Hansen and L. D. Travis, “Light Scattering in Planetary Atmospheres,” Space Science

Reviews 16, 527-610 (1974).

[11] G. Mie, “Beitrage ZUI Optik truber Medien, speziell koll.idalen Metall-losungen,” Ann. Phys.

25, 377-445 (1908).

[12] C. F. Boh.ren and D. R. Htiman, Absorption and Scattering of Light by Smafl Particfes

(Wiley, New York, 1983), 530 pp.

[13] H. C. van de Hulst, Light Scattering by Smafl Particles (Wiley, New York, 1957), 470 pp.

{lqj D. Deirmendjian, Electromagnetic Scattering on Spherical Polydispersions (Elsevier, New

York, ~, 1969), 290 pp.

[15] H. Quenzel and M. Kastner, “Optical properties of the atmosphere: calculated variability

and application to satellite remote sensing of phytopl~ton,” Appfied Optics 19, 1338–1344

(1980).

[16] L. Elterman, UV, Visible, and ~ Attenuation for Altitudes to 50 km, 1968 (AFCRL, Bedford,

MA, Report AFCRL-68-0153, April 1968).

[17] K. M. Case, ‘Transfer Problems and the Reciprocity Principle,” Rev. Mod. Phys. 29, 651-663

(1957).

[1s] H. C. van de Hulst, Mdtiple Light Scattering (Academic Press, New York, 1980), 739 pp.

[19j H. R. Gordon, “Modeling and Simulating Radiative Transfer in the Ocean,” in Ocean Optics,

edited by R. W. Spinrad, K. L. Carder and M. J. Perry (Oxford, 1992) , Submitted.

37



[20)

:21]

i22]

[23]

[24?
J

[25]

i26]

[27]

[28]

H. Neckel and D. Labs, “The Solar Radiation Between 3300 and 12500 ~,” Solar Physics 90,

205-258 (1984).

S. Chandrasekhar, Radiative Transfer (Ofiord University Press, Oxford, 1950), 393 pp.

D. Tan.re, M. Herman, P. Y. Descharnps and A. de Leffe, “Atmospheric modeling for space

measurements of ground reflect antes, including bidirectional properties,” Applied Optics 18,

3587-3594 (1979).

P. Y. Deschamps, M. Herman, J. Lenoble, D. Tanre and M. Viollier, “Atmospheric Effects

in Remote Sensing of Ground and Ocean Reflect ance, ” in Remote Sensing of Oceans and

Atmospheres, edited by A. Deepak (Academic Press , New York, NY, 1981) p. 115-147.

H. R. Gordon, D. K. Clark, J. W. Brown, O. B. Brown, R. H. Evans and W. W. Broenkow,

“Phytopldton pigment concentrations in the Middle Atlantic Bight: comparison between

ship determinations and Coastal Zone Color Scanner estimates,” Applied Opt ics 22, 20–36

(1983).

H. R. Gordon, O. B. Brown, R. H. Evans, J. W. Brown, R. C. Smith, K. S. Baker and D.

K. Clark, “A Semi-Analytic Radiance Model of Ocean Color,”

10909-10924 (1988).

A. Morel and L. Prieu,

phy 22, 709-722 (1977).

“Analysis of Variations in Ocean Color,”

H. R. Gordon and A. Y. Morel, Remote Assessment of Ocean

Satellite Vwibie Imagery: A Review (Springer- Verlag, New York,

Jour. Geophys. Res. 93D,

Lirnnology and Oceanogra-

Color for Interpretation

1983), 114 pp.

of

A. Morel, “Optical Modeling of the Upper Ocean in Relation to Its Biogenous Matter Content

(Case I Waters),” Jour. Geophys. Res. 93C, 10,749-10,768 (1988).

38



[29]

~30]

[31]

[32]

[33]

[34]

[35]

[36)

[37]

[38]

H. R. Gordon and D. K. Clark, “Atmospheric effects in the remote sensing of phytoplankton

pigments, “ Boundary-Layer Meteorology 18, 299-313 ( 1980).

D. K. Clark, “Phytoplankton Algorithms for the Nimbus-7 CZCS ,“ in Oceanography horn

Space, edited by J. R. F. Gower (Plenum Press, New York, NY, 1981) p. 227-238.

H. R. Gordon, J. W. Brown and R. H. Evans, “Exact Rayleigh Scattering Calculations for

use with the Nimbus- 7 Coastal Zone Color Scanner ,“ Applied Optics 27, 862-871 (1988).

H. R. Gordon, “Removal of Atmospheric Effects from Satellite Lrnagery of the Oceans,” Ap-

plied Optics 17, 1631-1636 (1978).

H. R. Gordon and D. K. Clark, “Clear water radiances for atmospheric correction of coastal

zone color scanner imagery,” Applied Optics 20, 4175-4180 (1981).

A. Bricaud and A. Morel, “Atmospheric Corrections and Interpretation of Marine Radiances

in CZCS Imagery: Use of a Reflect ante Model,” Oceanological Acts 7, 33-50 (1987).

J. -M. Andr6 and A. Morel, “Atmospheric Corrections and Lnterpret ation of Marine Radiances

in CZCS Imagery, Revisited,” Oceanological Acts 14, 3-22 (1991).

H. R. Gordon, Some Studies of Atmospheric Optical Variability in ReJation to CZCS Atmo-

spheric Correction (NOAA National Environmental Satellite and

Final Report Contract No. NA-79-SAC-O0714, Febru=y 1984).

R. C. Smith and W. H. Wilson, “Ship and satellite bio-optical

Bight ,“ in Ocean~phy from Space, edited by J. F. R. Gower

1981) , p. 281-294.

Data Information Service,

research in the California

(Plenum, New York, NY,

P. Y. Descharnps, M. Her-mm and D. Tanre, “Modeling of the atmospheric effects and its

application to the remote sensing of ocean color,” Applied Optics 22, 3751-3758 (1983).

39 ,



[39] H, R. Gordon and D. J. Casttio, “Aerosol Analysis with the Coastal Zone Color Scanner:

A Simple Method for Including Multiple Scattering Effects,” Appfied Optics 28, 1320-1326

(1989).

[40] H. R. Gordon and D. J. Casttio, “The Coastal Zone Color Scanner Atmospheric Correction

Algorithm: ~uence of El Chich6n,” Applied Optics 27, 3319-3321 (1988).

[41] J. -M. Andre and A. Morel, “Simulated Effects of Barometric Pressure and Ozone Content

Upon the Estimate of Marine Phytoplankton From Space,” Jour. Geophys. Res. 94C, 1029-

1037 (1989).

[42] H. R. Gordon and \f. Wang, “Surface Roughness Considerations for Atmospheric Correction

of Ocean Color Sensors. 1: The Rayleigh Scattering Component ,“ Applied Optics 31. 0000–

0000 (1992).

[43] H. R. Gordon and M. Wang, “Swface Roughness Considerations for Atmospheric Correction

of Ocean Color Sensors. 2: Error in the Retrieved Water-leaving Radiance. ” Applied Optics

31, 0000-0000 (1992).

‘ G. W. Kattawar, G. N. Plass and S. J. Hitzfelder,144, “Multiple scattered radiation emerging

from Rayleigh and continent al haze layers. 1: Radiance, polarization, and neutral points,”

Applied Optics 15, 632-647 (1976).

[45] W. A. Shurcl.iff, Polutized Light (Havard University Press, Cambridge, MA, 1962), 207 pp.

[4s] B. A. Eckstein and J. J. Simpson, “Aerosol and Rayleigh Radiance Contributions to Coastal

Zone Color Sc-er Images,” Int. J. Remote Sensing 12, 135-168 (1991).

[47] P. K. Bhartia, K. F. Klenk, C. K. Wong, D. Gordon and A. J. Fleig, “Comparison of the

NIMBUS 7 SBUV/TOMS Total Ozone Data Sets With Dobson and M83 Results, ” Jour.

Geophys. Res. 89D, 5239-5247 (1984).

40



[4a] C. Cox and W. Munk, “Measurements of the Roughness of the Sea Surface from Photographs

of the Sun’s Glitter, ” Jour. Opt. Sot. of Am. 44, 838–850 (1954).

:49: NASA and the Earth Observations Satellite Company, System Concept for Wide-Field-of-

View Observations of Ocean Phenomena from Space (August 1987).

[so] YASA, MODIS (Modemte-Resolution Imaging Spectrometer), Earth Observing System Vol-

ume In (1986).

~51] NASA, Earth Observing System (Eos) Background Information Package, Announcement of

Opportunity No. OSSA-1-88 (Announcement of Opportunity No. OSSA-1-88, Januuy 1988).

[52] ~. Wang, “Atmospheric Correction of the Second Generation Ocean Color Sensors,” 1991,

Ph.D. Dissertation, University of Miami, Coral Gables FL, 135 pp.

[53] M. Wang and H. R. Gordon, “Atmospheric Correction of Second Generation Ocean Color

Sensors: A Preliminary Algorithm,” Applied Optics 31, 0000-0000 (1992).

[54j C. N. Adams md G.

Rayleigh Scattering,”

[55] H. R. Gordon and M.

W. Kattawar, “Radiative Transfer in Spherical Shell Atmospheres I.

Icarus 35, 139-151 (1978).

M. Jacobs, “The Albedo of the Ocean-Atmosphere System: Influence

of Sea Foam,” Applied Optics 16, 2257–2260 (1977).

[s6] H. R. Gordon, “Calibration Requirements and Methodology for Remote Sensors Viewing the

Oceans in the Visible,” Remote Sensing of Environment 22, 103-126 ( 1987).

[57] P. Koepke, “Effective Reflectance of Oceanic Whitecaps,” Applied Optics 23, 1816-1824

(1984).

41



[58]

;59;

[60}

[61]

~62]

[63]

[64]

[65]

[66j

C. H. Whitlock, D. S, Bartlett and E. A. Gurganus, “Sea Foam Reflectance and Ln.fiuence

on Optimum Wavelength for Remote Sensing of Ocean Aerosols, ” Geophys. Res. Lett. 7,

719–722 (1982).

J. S. Malkus, “Large Scale Interactions, “ in The Sea, edited by \f. N. Hill (Wiley -Lnterscience,

New York, NY, 1962) p. 88-294.

W, S. von Arx, An Introduction to Physical Oceanography (Ad&son-Wesley, Reading, \lA,

1962), 422 pp.

J. Hsiung, “Mean Surface Energy Fluxes Over the Global Ocean,” Jour. Geophys. Res. 91C,

10,585-10,606 (1986).

R. S. Bortkovskii, Air-Sea Ezchange of Heat and MozstuTe Durang Storms (Reidel, Dord.recht,

1987), 194 pp.

H. R. Gordon, “Ocem Color Remote Sensing Systems: Radiometric Reqtirements,” Society

of Photo-Optical Lnstrumentation Engineers, Recent Advances in Sensors, Radiometry, and

Data Processing for Remote Sensing 924, 151-167 (1988).

Ball Aerospace Division, Boulder CO, Development of the Coastal Zone Color Scanner for

lVimbus- 7: Volume 1 – Mission Objectives and Instrument Description (Final Report F78-11,

Rev. A NASA Contract NAS5-20900, May 1979).

Ball Aerospace Division, Boulder CO, Development of the Coastal Zone Color Scanner for

Nimbus- 7: Volume 2- Test and Performance Data (Final Report F78-11, Rev. A NASA

Contract NAS5-20900, May 1979).

H, R. Gordon, J. W. Brown, O. B. Brown, R. H. Evans and D. K. Clark, “Nimbus 7 Coastal

Zone Color Scanner: reduction of its radiometric sensitivity with time,” Applied Optics 22,

3929-3931 (1983).

42



[6T] J. L, Mueller, “Nimbus-7 CZCS: confirmation of its radiometric sensitivity y decay rate through

1982,” Applied Optics 24, 1043-1047 (1985).

[66] W. A. Hovis, J. S. Knoll and G. R. Smith, “Aircraft Measurements for Calibration of an

Orbiting Spacecraft Sensor,” Applied Optics 24, 407-410 (1985).

[69] H. R. Gordon and R. H. Evans, “ The CZCS: Algorithms and characterization,” OCEAXS

FROM SPACE, Scuola Grande San Giovanni Evangelista, t’enice, Italy, May 22-26, 1990.

43


